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total  pressures.  The  properties  of  the  supersonic  mixed 
flow  are  of  necessity  related  to  the  properties  of  the 
subsonic  mixed  flow  by  the  normal  shock  relations. 
Nonetheless,  in  practice,  the  subsonic  mixed  flow  is, 
in  general,  not  achieved  through  a  normal  shock  (or 
pseudo-normal  shock)  from  the  supersonic  mixed  flow 
solution . 
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supersonic  solution  branch  of  an  ejector.  These 
efficiencies  are  used  to  calculate  thrust  augmentation 
for  an  ejector  over  a  wide  range  of  parameters  including 
operation  with  a  hypothetical  engine.  > 

v-  -Reasonable  values  of  thrust  augmentation  can  be 
achieved  at  low  subsonic  flight  Mach  numbers.  However, 
at  flight  Mach  numbers  near  one,  little  or  no  thrust 
augmentation  was  found.  At  supersonic  flight  Mach 
numbers,  thrust  augmentation  was  achieved. 

•Basic  studies  indicated  that  the  effects  of  temperature 
was  opposite  at  subsonic  and  supersonic  flight  Mach 
numbers.  Thrust  augmentation  decreased  with  increasing 
temperature  at  subsonic  Mach  numbers  and  increased  with 
increasing  temperature  at  supersonic  Mach  numbers.  ^ 

Basic  concepts  are  presented  for  cross  flow  and 
counter  flow  momentulfn  exchangers  which  may  afford  more 
efficient  transfer  of  kinetic  energy  between  fluid 
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SECTION  1 
INTRODUCTION 

Ejectors  have  been  used  in  maiiv  useful  applications  in 
industry.  Ejectors  have  also  been  investigated  for  flight  appli¬ 
cations  and  their  potential  usefulness  has  been  demonstrated  in 
experimental  aircraft. 

It  has  been  known  for  some  time  (see,  for  example,  references 
1  through  4)  that  a  control  volume  analysis  of  a  constant  area 
ejector  leads  to  a  double-valued  solution:  one  where  the  mixed 
flow  is  subsonic,  and  the  other  where  the  mixed  flow  is  supersonic. 
Further,  it  is  well  known  that  these  two  solutions  are  related 
by  the  normal  shock  relations. 

Recently,  Alperin  and  Wu^  have  pointed  out  the  potential 
advantages  of  the  supersonic  branch  for  applications  to  thrust 
augmentation.  Minardi  et  al . 6 ,  who  were  studying  two  fluid 
ejectors  for  applications  in  turbines,  also  found  better  results 
for  their  applications  when  the  supersonic  branch  was  utilized. 

Extremely  high  efficiencies  (based  on  thermodynamic  avail¬ 
ability)  are  indicated  on  the  supersonic  solution  branch.  In  fact, 

3  7  8 

following  Hoge  ,  it  can  be  shown  '  that  extremely  high  efficiencies 
can  also  occur  on  the  subsonic  solution  branch.  However,  as  dis¬ 
cussed  in  reference  7,  these  extremely  high  efficiencies  cannot 
be  achieved  in  an  ejector.  Rather,  they  would  require  rotating 
machinery  within  the  control  volume  to  produce  the  extremely  high 
efficiencies.  It  was  shown  in  reference  7  that  an  ejector  with 
a  subsonic  inlet  for  the  secondary  flow  (the  primary  is  supersonic 
at  the  inlet)  operates  at  a  single  operating  point  when  the  exit 
flow  is  supersonic.  This  operating  point  can  be  determined  by 
the  methods  described  by  Fabri  and  Siestrunck  .  Thus,  a  procedure 
is  available  to  evaluate  the  performance  of  an  ejector  operating 
on  the  supersonic  solution  branch. 

It  was  the  purpose  of  the  study  reported  herein  to  determine 
reasonable  estimates  of  thrust  augmentation  that  could  be  achieved 
with  an  ejector  over  a  range  of  Mach  numbers  from  zero  to  supersonic. 
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SECTION  2 

DISCUSSION  OF  THE  SUPERSONIC  SOLUTION  BRANCH 

In  reference  7  an  analysis  for  a  constant  area  ejector,  such 
as  shown  in  Figure  1,  is  presented.  The  equations  resulting  from 
the  solution  are  presented  in  Appendix  A.  Fiqure  2  presents 
supersonic  branch  solutions  to  the  equations  for  air  driving  air 
for  a  pressure  ratio  of  six  and  a  temperature  ratio  of  3.7  and 
for  a  series  of  bypass  ratios,  3,  from  0.5  to  10.  The  curves 
show  efficiency,  based  on  thermodynamic  availability,  versus  the 
secondary,  inlet  Mach  number,  M  .  As  stated  earlier  there  is  also 
a  subsonic  solution  branch  (not  shown  on  Figure  2)  which  is  re¬ 
lated  to  the  supersonic  solution  branch  by  the  normal  shock  rela¬ 
tions:  if  the  supersonic  mixed  flow  experiences  a  normal  shock, 

the  conditions  would  be  the  same  as  the  conditions  on  the  subsonic 

solution  branch  at  the  same  value  of  M  . 

s 

At  the  higher  values  of  3  the  mixed  flow  becomes  choked, 

i.e.,  the  mixed  flow  Mach  number  is  one.  This  choking  eliminates 

a  section  of  the  curve  as  indicated  on  the  bypass  ratios  of  five 

and  ten.  The  region  over  which  the  solutions  do  not  exist  are 

3 

referred  to  by  Hoge  as  the  forbidden  region.  We  have  indicated 
the  boundaries  of  the  forbidden  region  on  Figure  2. 

Hoge"*  also  showed  that  the  control  volume  equations  developed 

for  an  ejector  could  be  solved  over  the  entire  region  of  the 

M*  -  M*  plane.  The  parameter  M*  (the  ratio  of  velocity  to  the 

speed  of  sound  at  Mach  one)  was  chosen  in  place  of  the  Mach  number 

since  a  finite  range  of  the  parameter  M*  covers  all  Mach  numbers 

from  zero  to  infinity.  An  efficiency  map  for  a  pressure  ratio 

of  six,  temperature  ratio  of  3.7,  and  a  bypass  ratio  of  10  is 

shown  on  Figure  3.  On  Figure  3  the  forbidden  region  becomes  egg- 

shaped,  as  shown  cross-hatched.  In  calculating  the  data  for 

Figure  2,  it  was  assumed  that  the  inlet  static  pressures  of  the 

primary,  P^,  and  secondary,  P^g,  were  equal.  In  Figure  3  we 

show  the  curve  in  the  M*  -  M*  plane  for  which  P,  =  P,  . 

p  s  ^  lp  Is 
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Inlet  Flow  Pattern  for  an  Ejector  Operating  with  a  Supersonic 
Mixed  Flow  and  Having  a  Supersonic  Primary  Flow  and  a  Subsonic 
Secondary  Flow. 


AIR-AIR  SUPERSONIC  BRANCH 


Supersonic  Branch  Solutions  Showing  Efficiency  Versus  Secondary  Inlet  Mach 
Number,  M  ,  for  Various  Bypass  Ratios,  B,  at  the  Indicated  Conditions. 

This  is  a  Design  Curve  Because  the  Physical  Size  of  the  Ejector  Changes 
as  One  Moves  Along  the  Curves. 
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proper  adjustments  for  changing  M*  to  Mg  we  could  take  data  from 
Figure  3  along  the  curve  P  =  and  plot  the  corresponding 

curve  for  0  =  10  on  Figure  2. 

The  shape  of  the  forbidden  region  is  independent  of  the 
pressure  ratio  and  depends  only  on  the  value  of  the  bypass  ratio 
and  the  temperature  ratio.  HogeJ  gives  the  equation  for  the 
boundaries  of  the  forbidden  region  as 

(M*  +  l/M*)  +  6  (M*  +  1/M*)//TR'  =  2/TT+SJ  (1+0/TR)'.  (1) 

P  p  SS 

It  is  interesting  to  note  that  for  either  the  primary  or  the 
secondary  flow  that  if  M*  satisfies  Equation  (1),  then  so  does 
the  value  of  M*  equal  to  the  reciprocal  of  the  first  value.  Also, 
the  curve  for  which  P^  =  P^g  can  be  obtained  from  the  isentropic 
relations  which  yield 


The  simulataneous  solution  of  Equations  (1)  and  (2)  yields  the 
pair  of  points  where  the  curve  P^  =  P^g  intersects  the  boundaries 
of  the  forbidden  region.  These  results  will  be  used  in  Section  5. 

At  this  time,  however,  we  wish  to  consider  Figure  2  and  3 

further.  The  very  high  values  of  efficiency  located  at  the  low 

subsonic  values  of  M  for  all  of  the  bypass  ratios  would  provide 

s 

excellent  values  of  thrust  augmentation  if  they  could  be  achieved 
in  an  ejector.  However,  Figure  2  raises  serious  doubts  that  this 
could  happen  in  an  ejector.  For  example,  the  data  of  Figure  2 
indicate  that  at  a  Mach  number  of  Mg  =  0.51  the  efficiency  at 
a  bypass  ratio  of  10  is  about  0.9  which  is  higher  than  the  effi¬ 
ciency  (at  the  same  Mg)  associated  with  any  other  value  of  3 
indicated  on  Figure  2.  Even  though  the  value  of  efficiency  of  0.9 
does  not  violate  the  second  law  (since  it  is  less  than  one)  it  is 
highly  unlikely  that  such  a  result  could  be  achieved  in  an  ejector 

It  was  considerations  such  as  these  that  led  us  to  consider 
the  control  volume  solution  in  more  detail  in  reference  7.  It 


was  rorniu.ii'ii  t  hat  a  1  *  hou.;ij  *..•  ...  ,  ,  •  .  it  ea  ■  ■  ■  •  >  • 

in  I’iqure  I  was  a  sulTicioni  run  ii  lion  r  o  nei,  .■  t  <  ; 

equations  used  in  the  analysis,  it  was  not  ..  necessary  eoniii  1  on 
Thus,  some  of  the  solutions  qonerut  ed  from.  t  h.  •  equal  ions  iniht 
not  be  valid  solutions  for  an  ejector.  On  the  other  hand,  ail 
of  the  solutions  valid  for  an  ejector  won  la  be  obtained  from  the 
solutions  to  the  equations. 

Thus,  some  other  criteria  would  bo  required  to  sort  out 
those  solutions  that  are  valid  in  an  ejector.  Such  criteria  are 
discussed  further  in  the  next  section. 


SECTION  ) 


INLET  CONDITIONS 


The  curves  of  Figures  2  and  3  should  be  considered  design 
curves  since  the  physical  size  of  the  various  ejector  areas  (and 
area  ratios)  would  have  to  change  to  obtain  the  performance  indi¬ 
cated  at  various  points  on  the  curves.  However,  once  an  ejectcr 
design  is  selected  its  operation  will  be  determined  by  the  boundary 
conditions  imposed  on  the  ejector. 


In  addition  to  the  primary  and  secondary  total  pressures 

and  total  temperatures,  the  back  pressure  (see  Figure  1)  must  also 

be  known  to  determine  the  ejector  operation.  At  any  value  of  M 

the  design  is  the  same  for  a  point  on  the  supersonic  or  subsonic 

branch.  Thus,  if  the  back  pressure  is  set  at  a  value  eq aal  to 

the  mixed-flow,  static  pressure  on  the  subsonic  branch,  t.ien  the 

ejector  would  operate  at  that  design  point  and  would  be  equal 

to  P.  .  This  follows  since  the  exit  flow  is  subsonic. 

Is 

A  whole  series  of  values  of  M  could  be  achieved  in  the 

s 

ejector  on  the  subsonic  branch  by  adjusting  the  back  pressure. 


On  the  supersonic  branch  this  is  not  the  case.  If  the  back 
pressure  is  reduced  sufficiently,  the  ejector  will  make  a  trans¬ 
ition  to  the  supersonic  solution  branch  and  the  operation  becomes 
independent  of  further  reductions  in  pressure.  Thus,  there  is 
only  one  operating  point  that  the  ejector  will  achieve  on  the 

supersonic  branch.  This  operating  point  can  be  determined  by  the 

2 

methods  described  by  Fabri  and  Siestrunck  .  We  have  developed 
equations  based  on  their  approach  in  reference  7  and  these  equations 
are  also  presented  in  Appendix  A. 


In  reference  7,  using  the  Fabri  and  Siestrunck  approach,  we 
calculated  the  data  presented  in  Figure  4  for  a  temperature  ratio 
of  3.7  and  the  other  conditions  shown  on  the  figure.  We  chose 
various  area  ratios  and  plotted  the  efficiency  versus  the  mass 
flow  ratio  achieved  at  various  pressure  ratios.  Each  curve 


terminates  at  the  Doint  where  the  vaxue  of  >.*  first  reaches  Mach 

*  s 

one.  The  points  are  indicated  by  the  hack  marks  on  Figure  4 
along  each  area  ratio  curve.  It  is  clear  from  Figure  4  that  the 
maximum  efficiency  is  achieved  for  a  given  mass  flow  ratio  with 
the  smallest  diameter  tube  operating  at  a  value  of  M*  nearly 
equal  to  one. 

These  results  were  achieved  for  an  ejector  that  operates 

at  a  value  of  Mg  <  1 .  However,  from  Figure  2  we  see  that  for  all 

of  the  data  shown  that  the  efficiency  at  M  =  I,  on  a  curve  for 

a  given  bypass  ratio,  is  higher  than  at  any  supersonic  values  of 

M  .  However,  as  shown  on  Figure  5,  this  result  does  not  hold 

for  all  temperature  ratios.  At  the  low  temperature  ratios  (e.g., 

1.0  and  1.5)  there  is  an  increase  in  efficiency  at  higher  values 

of  M  .  Since  most  of  our  applications  are  concerned  with  tem- 
s 

perature  ratios  higher  than  two,  we  will  not  consider  the  in¬ 
creased  efficiencies  resulting  from  operation  at  values  of 
Mg  2'  1  at  the  lower  temperature  ratios. 

In  Table  1  we  present  a  computer  printout  of  the  supersonic 

branch  solution  for  a  pressure  ratio  of  six,  temperature  ratio 

of  3.7,  and  a  bypass  ratio  of  four.  The  first  column  contains 

the  secondary  Mach  number  Mg  which  is  taken  as  the  independent 

variable.  The  second  column  is  P.  /P  (because  of  lack  of  space 

it  is  labeled  (Pis)  and  the  third  column  is  the  temperature  ratio 

Tls/Tos.  Each  of  these  values  is  obtained  from  M  using  isen- 

tropic  relations.  The  exit  area  of  the  primary  nozzle  is  chosen 

to  match  the  pressure  of  the  primary  to  the  secondary.  This 

sets  the  value  of  the  primary  Mach  number,  (located  in  column 

10),  and  enables  one  to  find  Tn  /T  and  P,  /P  (located  in 

lp  op  lpx  op 

columns  11  and  12). 

Column  four  gives  the  ratio  of  the  primary  velocity  to  the 

secondary  velocity  V  /V  and  column  five  gives  the  ratio  of  the 

P  s 

mixed  velocity  to  the  secondary  velocity. 

Column  six  gives  the  mixed  flow  Mach  number.  Column  seven 
is  tne  pressure  ratio  P  /P  and  column  eight  is  the  temperature 
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TABLE  1 


SUPERSONIC  BRANCH  SOLUTION 

CONSTANT  HAS;  FLOV 
CONSTANT  ARC*  SUPERSONIC 
FRIMARY  VAPOR  AIR  SECONDARY  CAS  AIR 
PR-  4  000  "R-  3  ■’00  CPU  400  GSU  400  VR:  !  00  V?-  ’«  00  US:  2°  00 

EY-PASS  RATIO:  4  0C0 

NS  PIS'  T 1 S  ■  VP/VS  VH/VS  Ml  PH/  Vi  I  CH  HP  TIP/TOS  PIP /PC?  A? /AS  A/AP*  EPPOS  POM.  EFAVL  SR 

0  0500  VIOLATION  Of  2ND  LAV  REQUIRES  NEGATIVE  TEMPERATURES 

0  1  0  00  VIOLATION  OF  2ND  LAV  REQUIRES  NEGATIVE  TEMPERATURES 

3  1500  VIOLATION  OF  2ND  LAV  REQUIRES  NECATIVE  TEMPERATURES 

0  2030  VIOLATION  OP  2ND  LAV  REQUIRES  NEGATIVE  TEMPERATURES 

o  2300  violation  of  2nd  lav  requires  negative  temperatures 

0  3000  VIOLATION  OP  2ND  LAV  REQUIRES  NEGATIVE  TEMPERATURES 

0  3300  VIOLATION  OF  2ND  LAV  FOR  ADIABATIC  SYSTEMS  REQUIRES  WORE  INPUT  AND  COOLING 


0  4000  VIOLATION  OF  2ND  LAV  FOR  ADIABATIC  SYSTEMS  REQUIRES  WORK  INPUT  AND  COOLING 
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ratio  T  /T  .  The  gamma  value  of  the  mixture  is  oiven  in  column 
m  os 

nine  which  would  vary  if  two  different  specie;;  were  being  used . 

Column  thirteen  gives  the  area  ratio  Av /A  required  to 
match  the  inlet  pressures  and  column  fourteen  gives  the  value 
of  A/A*.  The  last  four  columns  give  the  two  efficiencies,  total 
pressure,  and  the  entropy  increase.  The  efficiency  based  on 
availability,  labeled  ERAVL,  is  plotted  on  Figure  2. 

The  Fabri  conditions  cannot  be  directly  applied  to  the 

solution  given  in  Table  1  since  the  geometry  changes  at  each 

point.  However,  i f  we  select  designs  (i.e.,  fix  the  geometry) 

from  those  presented  in  Table  1  we  can  then  apply  the  inlet 

criteria  to  determine  the  ejector  operating  point  for  each  of 

the  selected  designs.  We  have  marked  four  such  selections  in 

Table  1  at  values  of  M  <1. 

s  — 

Each  of  these  four  selections  was  used  to  generate  an 
operating  characteristic.  These  solutions,  for  the  supersonic 
branch,  are  presented  in  Tables  2,  3,  4,  and  5.  The  occurrence 
of  the  design  points  is  indicated  in  each  of  the  tables.  These 
tables  are  basically  different  from  Table  1  since  they  are  for 
an  ejector  of  given  geometry  which  is  presented  at  the  top  of 
each  table.  The  columns  referring  to  the  primary  conditions 
and  to  area  ratios  have  been  removed  and  replaced  by  the  mass 
flow  ratio  of  primary  to  secondary  flow  which  is  labeled  M.P/M.S 
(the  reciprocal  of  the  bypass  ratio) . 

Following  the  procedures  that  we  developed  in  reference  7 
for  applying  the  Fabri  and  Siestrunck  inlet  conditions  (the 
equations  are  given  in  Appendix  A)  we  constructed  the  graphs 
presented  in  Figure  6  for  each  of  the  four  designs.  Figure  6 
presents  the  total  pressure  ratio  required  to  operate  at  the 
indicated  value  of  Mg .  Thus,  the  intersection  of  each  of  the 
curves  with  the  pressure  ratio  of  six  gives  the  value  of  M  at 
which  the  particular  ejector  would  operate.  Only  the  design 
labeled  "4"  operates  at  the  chosen  design  value  of  which  was 
M  =1.  One  can  prove  (see  Appendix  B)  that  the  inlet  conditions 
always  allow  for  operation  at  M  =1  and  P,  =  p.  . 
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CONSTANT  GEOMETRY 
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We  have  plotted  the  results  of  our  study  on  Figure  7  where  we 

show  the  supersonic  branch  solution  for  the  bypass  ratio  of  four 

where  P.  =  P,  (solid  line,  data  from  Table  1)  and  the  four 
lp  Is 

operating  characteristic  curves  (dashed  lines  with  data  from 
Tables  2,  3,  4  and  5)  with  their  actual  operating  points  indicated 
as  determined  from  Figure  6.  Thus,  we  see  that  an  ejector  cannot 
operate  on  the  supersonic  solution  branch  when  Mg<  1  and  the  mass 
flow  is  given  and  P^  =  P^g.  Designs  chosen  from  this  branch 
actually  operate  at  efficiencies  lower  than  the  design  value 
and  lower  than  the  value  of  efficiency  at  M  =  1. 


In  general,  the  design  curves  for  which  the  bypass  ratio 


is  given  and  the  value  of  P^  =  P^g  are  valid  in  the  supersonic 


solution  branch  only  for  values  of  M  >1.  The  curves  of  the  sub- 


s  — 


sonic  solution  branch  are  valid  over  the  entire  range  of  M  . 


As  discussed  in  Appendix  C  an  isolated  point  may  exist  on  the 


supersonic  solution  branch  for  which  P^  =  P^g  and  Mg  <  1 .  Indi¬ 


cations  are  that  this  point  occurs  in  the  flat  region  (e.g.. 


from  Mg  =  0.8  to  1  in  Table  1)  or  dips  below  the  efficiency  at 


M  =  1.  The  value  of  efficiency  at  M  =  1  has  always  been  the 

b  b 


highest  efficiency  obtainable  if  Mg  < 1  for  a  given  mass  flow. 


In  the  rest  of  our  studies  we  used  the  value  of  efficiency 


at  Mg  =  1  as  representative  of  the  maximum  efficiency  achievable 


for  the  given  mass  flow  and  Mg  <_  1 . 


If  the  value  of  Mg  =  1  lies  within  the  forbidden  region. 


we  then  used  the  value  of  Mg  (less  than  one)  found  from  simul¬ 


taneous  solution  of  Equations  (1)  and  (2)  in  the  studies  presented 
in  Section  5 . 


available 
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Figure  7.  Results  of  the  Study  Showing  the  Actual  Operation 

of  the  Designs  at  Values  of  M  £  1 .  Note:  Although 
the  Bypass  Ratio  is  Four  at  the  Design  Points  It 
Would  Not  be  Four  on  the  Actual  Operating  Curve. 
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SECTION  4 

IDEAL  THRUST  AUGMENTATION  OF  AN  EJECTOR 

In  order  to  assess  the  potential  of  ejectors  used  for  thrust 
augmentation  we  have  made  the  following  assumptions: 

(1)  For  a  given  bypass  ratio,  the  efficiency  on  the 
supersonic  solution  branch  of  an  ejector  at 

Mg  =  1  and  P^  =  P^g  is  representative  of  the 
maximum  efficiency  achievable  at  that  bypass 
ratio; 

(2)  Inlets,  nozzles,  and  diffusers  are  ideal  and 
operate  at  100  percent  efficiency. 

As  explained  in  the  last  section,  if  we  restrict  operation 
of  an  ejector  to  subsonic  inlet  Mach  numbers  (Mg<_l)  then  the 
value  of  efficiency  at  Mg  =  1  is  a  maximum  (or  very  close  to  it) 
when  the  inlet  restriction  is  considered  (see  Figures  4  and  7). 

If  supersonic  secondary  inlet  Mach  numbers  are  considered, 
then  at  low  temperature  ratios,  higher  efficiencies  can  be 
achieved  at  supersonic,  secondary,  inlet  Mach  numbers  (e.g.,  see 
Figure  5) . 

These  efficiencies,  however,  are  not  sufficiently  higher 
to  make  a  major  change  in  the  results. 

The  equations  for  thrust  augmentation  using  ideal  conditions 
were  developed  in  reference  7  and  are  given  in  Appendix  A. 

Figure  8  presents  thrust  augmentation  for  a  pressure  ratio  of 
six,  temperature  ratio  of  3.7,  and  four  bypass  ratios  (0.5,  1, 

2,  and  4)  as  a  function  of  flight  Mach  number  M  .  The  thrust 
augmentation  is  good  at  high  and  low  values  of  the  flight  Mach 
number,  but  in  the  range  of  0.7  to  1.1  it  is  low  or  even  less 
than  one  for  all  four  bypass  ratios. 

Figure  9  presents  similar  curves  for  a  pressure  ratio 
of  three  and  a  temperature  ratio  of  two.  Again  the  thrust 
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Thrust  Augmentation  as  a  Function  of  Flight  Mach  Number  for  an  Ejector 

??er^4ng  °n  the  Supersonic  Branch  at  M  =  1  at  Various  Bypass  Ratios  a 
the  Indicated  Conditions.  s 


augmentation  is  good  at  low  and  high  Mach  numbers  but  poor  in 
the  range  of  Mach  numbers  from  0.9  to  1.5. 

Figures  10  through  14  present  the  effects  of  temperature 
ratio  on  thrust  augmentation,  <J> ,  for  five  pressure  ratios:  two, 
three,  four,  five,  and  six. 

Figures  10  through  12  are  for  a  bypass  ratio  of  0.5  and 
Figures  13  and  14  are  for  a  bypass  ratio  of  two.  On  each  of  the 
five  figures  the  flight  Mach  number  is  the  curve  parameter. 

Examination  of  the  figures  indicates  only  a  weak  dependence 
of  <■>  on  pressure  ratio.  The  dependence  of  <f>  on  temperature  is 
reversed  as  we  change  from  subsonic  to  supersonic  flight  Mach 
number.  It  also  becomes  obvious  from  these  figures  that  the 
thrust  augmentation  in  the  neighborhood  of  Mach  one  is  small  or 
less  than  one  for  all  pressure  ratios,  temperature  ratios,  and 
bypass  ratios. 

The  low  temperature  end  of  the  curves  could  be  improved 
slightly  by  operating  the  ejector  at  supersonic  values  of  Mg . 

It  is  doubtful,  however,  that  this  effect  would  raise  the  low- 
temperature-ratio  end  of  the  curves  above  one  for  supersonic 
flight  Mach  numbers,  M^. 

At  supersonic  flight  Mach  numbers  the  thrust  augmentation 
is  more  like  a  ram  jet  effect  than  an  ejector  effect  since  it 
depends  so  strongly  on  the  energy  transfer  due  to  the  high  tem¬ 
perature  of  the  primary  gas. 

In  the  next  section  we  will  examine  the  thrust  augmentation 
of  an  ejector  when  operating  with  a  hypothetical  engine. 


Figure  10.  Effect  of  Temperature  Ratio  at  a  Pressure 
Ratio  of  Two  and  a  Bypass  Ratio  of  0.5. 
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Figure  12.  Effect  of  Temperature  Ratio  at  a  Pressu 
Ratio  of  Four  and  a  Bypass  Ratio  of  0.5 
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Figure  13.  Effect  of  Temperature  Ratio  at  a  Pressure 
Ratio  of  Five  and  Bypass  Ratio  of  Two. 
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Figure  14.  Effect  of  Temperature  Ratio  at  a  Pressure 
Ratio  of  Six  and  a  Bypass  Ratio  of  Two. 


SECTION  5 

AN  EJECTOR  ENGINE  COMBINATION 


The  performance  of  an  ejector  when  coupled  to  a  jet  engine 
was  studied  for  hypothetical  engines  over  a  range  of  flight  Mach 
numbers  and  altitudes.  Hypothetical  engines  with  pressure  ratios 
ranging  from  5  to  40  were  investigated  for  two  turbine  inlet 
temperatures:  2500°F  and  3000°F.  We  investigated  cycles  with 

ideal  processes  as  well  as  those  with  nonideal  processes.  Figure 
15  shows  a  sketch  of  a  T-s  diagram  for  an  engine  with  losses. 

The  process  from  1  to  2  involves  ram  compression  which  is 
isentropic  in  the  ideal  case,  or  according  to  MIL-E-5007D  as 
quoted  in  reference  9: 


M 


oo 


0  to  1.0 


( 


1.0 


0.076 (M  -1) 1,35  M  > i.o 

OO  CO 


to  5  . 


( 


The  compression  process  from  2  to  3  was  assumed  to  be  adiabatic 
with  a  polytropic  efficiency  of  1  in  the  ideal  case,  and  0.85 
in  the  nonideal  case.  The  rpm  of  the  engine  was  assumed  to  vary 
with  flight  Mach  number  so  that  the  pressure  ratio  remained  con¬ 
stant  (i.e.,  a  constant  specific  speed  was  assumed). 

In  the  combustor,  process  3  to  4 ,  the  temperature  was 
assumed  to  be  raised  to  the  maximum  allowable  turbine  inlet  tem¬ 
perature  with  no  loss  in  total  pressure  in  the  ideal  case  or  a 
5  percent  loss  in  total  pressure  in  the  nonideal  case. 

In  the  turbine  the  gas  expands  in  process  4  and  5  and 
supplies  the  work  required  to  drive  the  compressor.  No  account  was 
taken  for  work  supplied  to  accessories  and  Cp  and  y  we*--'  assumed 
constant  and  equal  to  those  of  air.  The  polytropic  efficiency 
was  set  to  1  for  the  ideal  case  and  to  0.85  for  the  nonideal  case. 
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The  process  from  5  to  6  represents  the  adiabatic  expansion 
to  ambient  pressure  in  tne  nozzle  with  a  polytropic  efficiency  of 
1.0  in  the  ideal  case  and  0.98  in  the  non i deal izod  case .  The  thrust 
per  unit  of  mass  flow  of  the  enqine  is  calculated  as  a  function 
of  the  flight  Mach  number  from  the  change  in  momentum. 

Figures  16  and  17  show  the  primary  engine  thrust  per  unit 
of  mass  flow  at  two  altitudes  as  a  function  of  the  flight  Mach 
number  for  engines  with  a  compressor  pressure  ratio,  Pe,  of  5  and 
35,  and  turbine  inlet  temperatures,  T^ ,  of  2500°R  and  3500°R. 

The  low  pressure  ratio  engine  can,  of  course,  achieve  higher 
Mach  numbers  than  the  high  pressure  ratio  engine  before  its 
thrust  fall  off  to  zero  because  of  the  high  temperature  limit. 

At  each  flight  Mach  number  the  pressure  ratio,  PR,  can  be  deter¬ 
mined  ( PR=P j. /P2 )  ;  and  the  temperature  ratio,  TR,  can  be  determined 
(TR=T^/T2 ) •  The  performance  of  an  ejector  for  the  values  of  PR 
and  TR  can  then  be  calculated  at  Mg = 1  and  various  bypass  ratios. 

If  the  ejector  is  choked,  the  ejector  performance  is  calculated 
on  the  boundary  of  the  forbidden  region  for  that  bypass  ratio. 

Once  the  total  pressure  and  temperature  of  the  mixed  flow 
is  known,  the  thrust  per  unit  mass  of  the  mixed  flow  can  readily 
be  calculated  assuming  an  adiabatic  expansion  to  ambient  pressure. 

A  polytropic  efficiency  of  1.0  was  assumed  in  the  ideal  case, 
and  0.98  in  the  nonideal  case.  The  thrust  per  unit  mass  flow 
can  be  determined  from  the  momentum  change  and  the  thrust  augmen¬ 
tation,  calculated  from  the  following  equation: 

<J>  =  (1  +  8)  (Tin/mm)/(Tp/m  )  .  (5) 

The  calculations  were  terminated  when  the  pressure  ratio,  PR, 
dropped  below  one. 

In  addition  to  thrust  augmentation  of  an  ejector,  we  also 
calculated  the  performance  of  a  mixing-fan  jet  engine.  Using  the 
same  polytropic  efficiencies  as  for  the  engine  alone,  we  determined 
a  common  pressure  at  the  exits  of  the  turbine  and  fan  which  matched 
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the  work  required  by  the  fan  (at  a  particular  bypass  ratio)  and 
the  work  produced  by  the  turbine.  The  two  flows  are  then  mixed  at 
this  pressure  at  low  velocity;  the  common  pressure  is  then  the 
stagnation  pressure  of  the  mixture.  Since  the  exit  temperatures 
from  the  fan  and  turbine  are  also  known,  the  mixed  total  temperature 
can  be  evaluated  and  the  final  state  of  the  mixed  gas  is  known. 

Thus,  the  thrust  per  unit  mass  can  be  calculated  and  the  thrust 
augmentation  determined  from  Equation  (5) . 

A  substantial  amount  of  data  were  obtained  from  this  study 
and  Table  6  details  the  various  conditions  used  to  present 
Figures  18  through  29.  As  indicated  in  Table  6,  Figures  18  through 
21  present  results  for  the  ideal  case  for  compressor  pressure 
ratio  of  35.  As  with  the  previous  study  in  the  neighborhood  of 
Mach  one  the  thrust  augmentation  is  near  one  or  less  than  one 
for  the  ejector.  However,  for  the  high  pressure  ratio  engine  it 
remains  low  even  in  the  supersonic  region,  although  it  does 
slightly  exceed  one  in  that  region.  On  the  other  hand,  the  thrust 
augmentation  for  the  ejector  is  substantial  at  low  subsonic  Mach 
numbers  on  all  the  figures,  even  after  taking  account  for  losses. 

The  mixing  fan  shows  substantial  thrust  augmentation  through¬ 
out  the  entire  Mach  number  range  even  after  reasonable  component 
efficiencies  are  assumed  on  the  later  figures;  Figures  22  through 
29. 

If  we  consider  the  low  pressure  ratio  engine  in  the  non¬ 
ideal  case.  Figures  26  through  29,  we  see  that  the  ejector  again 
shows  a  thrust  augmentation  at  the  supersonic  Mach  numbers.  Again 
this  is  the  result  of  an  action  more  like  a  ram  jet  since  it 
results  from  the  energy  transfer  which  results  from  the  temperature 
difference  between  the  primary  and  secondary. 

Generally  mass  flow  entrainment  in  ejectors  would  be  very 
large  (i.e.,  of  the  order  of  10  or  more).  If  one  considers  a 
mixing  fan  with  similar  flow  rates  being  pumpted  into  the  system, 
then  the  size  of  the  engine  will  make  integration  with  airframe 
a  very  difficult  problem.  On  the  other  hand,  distributing  the 
engine  air  and  entraining  the  outside  air  in  large  volumes  will 


not  present  insurmountable  problems  for  integration.  Ejectors 
therefore  are  attractive  devices  from  the  point  of  view  of 
simplicity  and  integrability . 

Curves  such  as  the  ones  in  Figures  18  to  29  must  be  viewed 
in  the  light  of  the  comments  made  above.  Otherwise,  it  might 
deter  consideration  of  ejectors. 


TABLE  6 

THRUST  AUGMENTATION  DATA  ARE  PRESENTED  FOR  THE 
FOLLOWING  COMBINATIONS  OF  FIGURES  18  to  29 


Figure 

Number 

Compressor 
Pressure 
Ratio,  Pe 

Turbine  Inlet 
Temperature 
°R 

Altitude 

(kilofeet) 

n  =  nt  =  nc 

2500 

3000 


2500 

3000 


22 

'  35 

j 

25 

23 

. 

35 

30 

I 

24 

35 

25 

25 

35 

30 

! 

26 

5 

25 

27 

5 

30 

28 

5 

25 

29 

5 

30 

0.85 

0.85 
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SEA  LEVEL 


Thrust  Augmentation  for  an  Ejector  Operating  on  the  Supersonic  Branch  at 
Ms  =  1  (or  the  Boundary  of  the  Forbidden  Region)  and  a  Mixing-Fan  at 
Various  Bypass  Ratios,  Sea  Level,  Pe  =  35,  n  =  1,  3000°R. 


ALTITUTE  =  30,000  FT 


ugmentation  for  an  Ejector  Operatin 
or  the  Boundary  of  the  Forbidden  Re 
Bypass  Ratios,  30,000  feet,  Pe  =  35 


ALTITUDE  -  30,000  FT 


Figure  21,  Thrust  Augmentation  for  an  Ejector  Operating  on  the  Supersonic  Branch  at 
M  =  1  (or  the  Boundary  of  the  Forbidden  Region)  and  a  Mixing-Fan  at 
vlrious  Bypass  Ratios,  30,000  feet,  Pe  -  35,  n  =  1,  3000°R. 


Figure  27.  Thrust  Augmentation  for  an  Ejector  Operating  on  the  Supersonic 
M  =  1  (or  the  Boundary  of  the  Forbidden  Region)  and  a  Mixing- 
vlrious  Bypass  Ratios,  Sea  Level,  Pe  =  5 ,  n  =  0.85,  3000°R. 
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[  =  1  (or  the  Boundary  of  the  Forbidden  Region)  and  a  Mixin 
'arious  Bypass  Ratios,  30,000  feet,  Pe  =  5 ,  n  -  0.85,  2500°R 


SECTION  6 

CONCLUSIONS  FROM  THE  EJECTOR  STUDY 

Based  on  the  results  of  the  studies  presented  in  the  previous 
sections  for  constant  area  ejectors,  we  have  drawn  the  following 
conclusions : 

(1)  In  general,  on  the  supersonic  branch,  or  the  :es  l  .c. 

curves  constructed  for  a  given  bypass  ratio  am;  ;•  , 

curves  cannot  be  realized  in  an  ejector  of  value;:  •  ”  ■  ■ 

Figure  7)  . 

(2)  In  general,  these  curves,  there fc  re, 
for  values  of  Ms  >_  1  on  the  supersonic  solution  1  .  >: 

(3)  Isolated  points  on  the  supersonic  .  • 

be  achieved  at  values  of  M  <1  but  the  off icioncv 

s 

may  not  exceed  the  value  of  efficiency  at  -  1  imt  A:  ;  •  • 
for  an  example) . 

(4)  The  value  of  the  efficiency  at  M  =  1  on  'he  sup-  r sonic 
branch  is  representative  of  the  maximum  efficiency  if  not  the 
actual  maximum  efficiency  (see  Figures  4,  7,  and  2)  . 

(5)  At  lower  temperature  ratios  the  efficiency  on  the 
supersonic  solution  branch  may  be  higher  at  values  of  >  1  than 
at  M  =1  (see  Figure  5).  However,  conclusion  (4)  is  still  valid 
since  these  higher  efficiencies  are  probably  not  high  enough  to 
make  a  significant  difference  in  the  overall  conclusions. 

(6)  All  of  the  thrust  augmentation  studies  presented  herein 
indicated  little  or  no  thrust  augmentation  at  flight  Mach  numbers 
near  one. 

(7)  The  basic  study  of  thrust  augmentation  shows  a  reversal 
of  the  effect  of  temperature  at  subsonic  and  supersonic  flight 
Mach  numbers:  at  subsonic  flight  Mach  numbers,  increases  in  tem¬ 
perature  reduce  thrust  augmentation  while  at  supersonic  flight 
Mach  numbers,  increases  in  temperature  result  in  increases  in 
thrust  augmentation  ratio  (see  Figures  10  through  14) . 
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(8)  Pressure  ratio  has  only  a  very  small  effect  on  thrust 
augmentation  ratio  (see  Figures  10  through  12  and  13  to  14) . 

(9)  Thrust  augmentation  ratios  at  low  subsonic  flight 
Mach  numbers  were  substantial  for  all  cases  studied. 

(10)  Thrust  augmentation  levels  at  supersonic  flight  Mach 
numbers  were  adequate  for  the  low  pressure  ratio  engine  cycle, 
but  less  than  one  for  the  high  pressure  ratio  cycle. 

(11)  As  expected,  mixing-fan  thrust  augmentation  was  superior 
to  the  ejector  for  the  same  bypass  ratio  and  flight  Mach  numbers 
(see  Figures  18  through  29) .  This  superior  performance  is  achieved 
at  the  cost  of  complex  rotating  machinery  and  total  weight. 

(12)  The  thrust  augmentation  of  the  mixing-fan  also  fell  off 
substantially  with  increasing  flight  Mach  numbers. 

Since  no  analytical  technique  was  found  that  could  determine 
the  maximum  efficiency  of  an  ejector,  it  was  necessary  to  base 
our  results  on  a  numerical  study  of  an  ejector.  The  Fabri  and 
Siestrunck  inlet  condition  enabled  us  to  determine  a  reasonable 
representation  of  the  maximum  efficiency  that  would  be  obtained 
for  a  wide  range  of  parameters.  Even  though  we  know  of  some  cases 
where  higher  efficiencies  could  be  achieved  (low  temperature 
ratios  and  Mg  > 1)  we  do  not  believe  that  an  actual  ejector  (with 
wall  friction  for  example)  could  achieve  efficiencies  higher  than 
those  that  we  used.  Thus,  we  believe  that  our  results  give 
reasonable  estimates  of  the  upper  limits  to  performance  that  one 
can  expect  from  an  ejector  over  the  range  of  parameters  studied. 

Conclusion  (6)  states  that  the  thrust  augmentation  ratio  of 
"constant  area  ejectors"  is  less  than  one  at  a  flight  Mach  number 
around  one.  Therefore,  this  type  of  thrust  augmenting  ejector 
cannot  be  considered  as  a  potential  substitute  for  a  turbo  fan 
in  a  propulsion  system  for  transonic  aircraft.  This  raises  two 
questions:  (1)  is  thrust  augmentation  less  than  one  near  a  Mach 

number  of  one  an  inherent  characteristic  of  all  types  of  thrust 
augmenting  ejectors,  and  more  broadly,  of  any  type  of  momentum 


exchange  process  not  employing  rotating  machinery?  And,  (2)  can 
ejector  techniques  in  view  of  the  limitation  near  Mach  one  be  of 
any  use  for  aircraft  applications? 

We  feel  that  many  useful  applications  of  ejectors  to  air¬ 
craft  are  still  possible  at  low  flight  speeds  and  that  there  are 
methods  available  to  obtain  thrust  augmentation  at  Mach  numbers 
near  one.  Some  of  the  application  areas  are  as  follows: 

(1)  ejectors  for  STOL  and  VSTOL; 

(2)  boundary  layer  ejector  systems; 

(3)  new  approaches  to  momentum  exchange 

•  co-flowing 

•  cross  flow 

•  counter  flow. 

Thrust  augmenting  ejectors  for  VSTOL  and  STOL  have  the 
following  advantages: 

(1)  high  thrust  augmentation  capability  of  advanced  compact 
ejectors  at  take-off  and  low  flight  speeds; 

(2)  feasibility  of  a  large  variety  of  shapes  for  the  ejector 
shroud  (from  axisymmetrical  to  high  aspect  ratio  slot  configurations) 

(3)  resulting  high  performance  capabilities  and  synergistic 
effects  of  ejector  and  wing 

•  prevention  of  flow  separation  by  wing-boundary 
layer  energization 

•  strong  supercirculation;  very  high  C  ;  improved 

Xj  f  max 

L/D 

•  favorable  transition  from  "hover"  to  conventional 
flight  (as  flight  speed  increases,  the  vertical 
thrust  component  of  the  ejector  decreases  to  a 
lesser  degree  than  the  aerodynamic  lift  increases) . 

In  the  boundary  layer  ejector  systems  the  trailing  edge 
region  of  the  wing  is  configured  as  a  very  compact  two-dimensional 


ejector,  which  uses  only  wing  boundary  layer  air  as  secondary 
ejector  fluid  medium.  This  results  in  performance  characteristics 
and  synergistic  effects  as  follows: 

(1)  thrust  augmentation  does  not  drop  to  zero  at  flight 
Mach  number  around  one  and  is  extended  into  the  supersonic  flight 
regime ; 

(2)  drag  reduction  due  to  restoration  of  the  wake  to  free 
stream  velocities; 

(3)  prevention  of  flow  separation  by  boundary  layer 
energization ; 

(4)  improved  wing  characteristic  (increased  C  and  L/D) ; 

Li  t  max 

(5)  possibility  of  boundary  layer  control  by  suction  (if 
desired,  the  boundary  layer  ejector  can  be  employed  for  a  greatly 
simplified  flow  laminarization  system) . 

In  order  to  capitalize  on  the  potential  that  these  systems 
have,  we  recommend  the  following  approach  toward  an  ejector- 
aircraft  design: 

(1)  Determination  of  major  performance  and  design  (geometry) 
parameters  of  two-dimensional  ejectors  under  true  environmental 
conditions,  including  simulated  wing-boundary  layer  air  for 
secondary  fluid  medium. 

(2)  Ejector-aircraft  systems  are  major  long-range  projects 
requiring  team  efforts  which  combine  expertise  in  ejector-engine- 
aircraft  design. 

However,  before  building  an  ejector-aircraft  prototype, 
lessons  learned  from  past  failures  of  ejector-aircraft  must  be 
carefully  avoided.  This  requires: 

•  a  thorough  comparison  analysis  of  potential  ejector 
wing  fuselage  configurations 

•  functional  development  of  all  critical  system  components 


•  performance  verification  under  true  environmental 
conditions  of  these  components. 

In  order  to  further  our  understanding  of  ejector  processes 
we  also  recommend  that  studies  of  co-flowing  ejectors  be  made 
using  computational  fluid  dynamics  (CFD) .  The  code  used  by 
Scott  and  Hankey^  to  study  the  flow  in  combustors  would  be  ideal 
for  this  purpose.  Fundamental  understanding  of  the  processes 
could  be  greatly  enhanced  by  such  studies.  In  addition,  studies 
of  ejectors  not  having  a  constant  area  can  also  be  studied  with 
this  code  to  determine  the  performance  of  such  ejectors. 

In  addition  to  the  more  traditional  approaches  just  dis¬ 
cussed,  we  present  some  entirely  new  concepts  in  the  next  section. 
These  new  concepts  have  the  potential  of  providing  improved 
methods  of  transferring  availability  between  fluid  streams  without 
using  moving  parts. 
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SECTION  7 


NEW  CONCEPTS  AND  RESEARCH  APPROACHES  IN  THE  FIELD 
OF  DIRECT  ENERGY  TRANSFER  PROCESS 

Processes  of  transferring  energy  from  one  working  medium  of 
high  energy  content  to  one  of  lower  energy  content  play  a  key  role 
in  aeropropulsion  and  other  technology  areas.  Usually,  in  these 
processes,  turbines  and  compressors  are  employed  transferring  the 
energy  from  one  working  substance  to  another,  except  in  the 
so-called  direct  energy  transfer  processes.  In  these  processes  the 
energy  transfer  is  accomplished  by  direct  contact  of  the  inter¬ 
acting  media  without  the  use  of  machinery. 

Direct  energy  transfer  processes  have  attracted  a  great 
deal  of  interest  because  of  their  inherent  structural  simplicity, 
low  weight  and  cost,  and  high  reliability;  their  problem,  however, 
is  to  achieve  high  energy  transfer  efficiencies. 

Distinction  can  be  made  between  two  major  classes  of  direct 
energy  transfer  processes,  namely: 

•  unsteady  flow  energy  transfer  processes 

•  steady  flow  energy  transfer  processes. 

Examples  for  processes  in  which  energy  is  transferred  from  one 
fluid  medium  to  another  one  by  means  of  unsteady  flow  are: 

•  shock  tubes 

•  pulse  jets 

•  dynamic  pressure  exchangers 

•  non-steady  flow  ejectors  (non-steady  flow  in  either 
primary  or  secondary  flow  or  both) . 

Examples  of  steady  flow  direct  energy  transfer  processes  are: 

•  Continuous  flow  ejectors  (for  jet  pumps,  thrust  augmen- 
tors,  and  other  applications). 

The  following  discussion  deals  with  steady  flow  direct 
energy  transfer  processes,  specifically  with  continuous  flow 


ejector-type  devices  for  various  applications  in  the  field  of 
thrust  augmentation  and  pumps.  3efore  discussing  new  approaches 
and  concepts  which  depart  from  conventional  ejectors,  it  will  be 
most  beneficial  to  briefly  synopize  the  major  characteristics  of 
current  ejector  processes: 

(a)  Current  ejector  processes  are  based  on  momentum 
exchange  between  two  mass-streams  flowing  in  the 
same  direction  through  a  mixing  duct  (Figure  1) . 

In  the  following,  such  processes  will  be  referred 
to  as  "co-flowing  momentum  exchange  processes." 

The  momentum  exchange  in  these  processes  is 
accomplished  by  mixing.  The  shape  of  the  mixing 
duct  is  not  limited  to  simple  geometries,  i.e., 
straight,  constant  duct  cross-section.  The  mixing 
duct  may  be  curved  and  its  cross-section  may  vary 
with  length. 

(b)  At  the  onset  of  mixing,  the  two  interacting  media 
have  differences  in  one  or  more  of  the  following 
fluid  flow  parameters: 

•  velocity 

•  total  and/or  static  pressure 

•  total  and/or  static  temperature 

•  physical  or  chemical  characteristics  (chemical 
reactions  during  mixing  will  not  be  considered) . 

The  medium  having  at  the  onset  of  mixing  the  greater 
total  pressure  is  called  the  "primary  medium",  the 
medium  having  the  lower  total  pressure  is  called  the 
"secondary  medium." 

(c)  Within  the  mixing  duct: 

•  the  total  mass  flow  is  conserved 

•  in  case  of  an  adiabatic  mixing  process,  the  stagna¬ 
tion  enthalpy  is  conserved 


•  if  the  internal  flow  does  not  exert  a  force 


component  in  the  flow  direction  upon  the  inner 
surface  of  the  mixing  duct,  then  the  impulse 
functions  at  mixing  duct  entrance  and  exit  are 
equal . 


(d) 


In  "co-flow"  type  ejectors,  mass  and  momentum  trans¬ 
port  are  coupled  by  the  transport  velocity  U(x,y)  as 
follows 


•  mass  transport  m  = 

•  momentum  transport  M  = 


/  p  ( x , y )  •  U ( x , y )  dA 
J  area 

L 


p(x,y)  U  (x,y)  dA 
area 


where  p(x,y)  and  U(x,y)  are,  respectively,  the 
mass  density  and  transport  velocity  at  a  given 
duct  cross-section  as  a  function  of  position 
(x,y) . 

(e)  Two  major  categories  of  loss  mechanisms  can  be  iden¬ 
tified  in  current  ejectors: 

•  intrinsic  losses  associated  with  the  mixing 
process 

•  parasitic  drag  losses. 

The  parasitic  drag  losses  are  due  to  skin  friction 
and  possible  flow  separation  at  the  inner  surfaces 
of  the  ejector  shroud,  which  consists  of  inlet  duct, 
mixing  duct  and  diffuser  (a  diffuser  is  mployed  if 
necessary  for  matching  mixing  duct  exit  conditions 
with  environmental  conditions) . 

The  parasitic  drag  is  not  of  a  fundamental  nature; 
it  can  be  strongly  influenced  by  the  design  of  the 
ejector  shroud  and  method  of  primary  injection. 

For  example,  the  parasitic  drag  can  be  reduced  by 
reducing  the  mixing  duct  length  required  for  adequate 
mixing.  This  can  be  made  possible,  for  example, 


by  employing  a  multiplicity  of  primary  nozzles, 
by  hypermixing  nozzle  shapes,  or  by  accepting  a 
certain  degree  of  incomplete  mixing. 

The  intrinsic  losses  associated  with  the  mixing 
process  are  of  a  more  fundamental  nature  and  depend 
on  the  particular  co-flow  geometry  chosen.  For 
obtaining  an  upper  bound  of  ejector  performance 
and  efficiency,  the  mixing  losses  can  be  determined 
analytically  without  taking  parasitic  drag  losses 
into  account.  In  flows  where  the  total  enthalpy 
is  conserved,  the  ejector  performance  is  completely 
determined  by  the  total  pressure  after  mixing, 
when  mass  flows  and  total  pressures  and  temperatures 
of  primary  and  secondary  media  are  given. 

The  ratio  of  actual  ejector  performance  to  the 
performance  resulting  from  an  idealized  mixing 
process  having  constant  entropy  for  the  system  is 
most  conveniently  given  by  the  ratio  of  availabilitie 
before  and  after  mixing.  We  refer  to  this  as  the 
availability  efficiency  (n  ) . 

Another  useful  pseudo  efficiency  is  the  ratio  of 
actual  ejector  exiting  kinetic  power  to  the  kinetic 
power  of  the  primary  working  medium  expanding  to 
a  pressure  equal  to  the  stagnation  pressure  of  the 
secondary  working  medium.  This  is  called  the  kinetic 
energy  efficiency  (r|  )  . 

(f)  Perhaps  the  most  important  characteristic  of  all 

co-flowing  ejectors  is  that  the  differences  between 
the  flow  parameters  of  the  interacting  working 
media  (as  previously  defined  under  "b")  are  greatest 
at  the  beginning  of  the  mixing  process  and  decrease 
through  the  process  of  mixing.  At  the  end  of  the 
mixing  process  (in  the  ideal  case) ,  the  mixed  flow 
has  a  homogeneous  gas  composition,  temperature. 


pressure,  and  velocity.  The  consequences  of 
this  type  of  equilibration  process  are,  two-fold, 
namely : 

•  An  intrinsic  increase  in  system  entropy  (or 
loss  in  availability)  will  occur  during  the 
mixing  process.  This  increase  in  system  entropy 
will  be  substantial,  if  at  the  onset  of  mixing 
the  differences  between  the  flow  parameters  such 
as  temperature,  pressure,  velocity  of  the  inter¬ 
acting  fluid  media,  are  large. 

•  Only  a  fraction  of  the  initial  momentum  of  the 

primary  working  medium  can  be  transferred  to  the 

secondary  working  medium,  because  the  primary 

and  secondary  working  media  are  brought  by 

mixing  to  equal  speed  pressure  and  temperature 

(v  ,  P  ,  T  ,  respectively) . 
m  om  om  ^  1 

From  the  above  synopsis  it  follows  that  major,  intrinsic 
performance  shortcomings  of  current  ejectors  are  a  direct  con¬ 
sequence  of  the  co-flowing  momentum  exchange  process.  In  the 
following,  a  discussion  is  given  about  momentum  exchange  processes 
which  depart  from  the  co-flowing  type. 

7.1  FUNDAMENTAL  RESEARCH  AND  NEW  CONCEPTS  IN  THE  FIELD  OF 

MOMENTUM  EXCHANGE  PROCESSES 

Practically  all  research  and  development  efforts  on  mixing 
phenomena  and  ejectors  have  been  conducted  in  the  area  of  co¬ 
flowing  momentum  exchange  processes  under  shrouded  and  unshrouded 
(free  jet  mixing)  conditions.  Basic  research  as  well  as  devel¬ 
opment  work  is  needed  on  novel  momentum  exchange  processes  of  the 
cross  flow  as  well  as  the  counter  flow  momentum  exchange  types. 
(These  terms  are  chosen  because  of  their  close  analogy  to  heat 
exchange  processes,  which  are  categorized  according  to  co-flow, 
cross  flow,  and  counter  flow  types  of  heat  exchange;  the  most 
efficient  heat  transfer  processes  are  of  the  counter  flow  type.) 


First,  the  counter  flow  momentum  exchange  process  will  be 
described.  In  one-dimensional  flow,  only  co-flow  momentum 
exchange  processes  are  possible.  However,  in  axisymmetrical  or 
two-dimensional  flow  configurations  both  a  co-flow  and  a  counter 
flow  momentum  exchange  process  can  be  realized,  as  illustrated 
in  Figures  30  and  31,  respectively.  In  Figure  31  the  flow  con¬ 
ditions  are  similar  to  those  in  fluid  flow  machinery:  the  mass 
flow  per  second  is  determined  by  the  axial  flow  component,  the 
density,  and  the  annular  area,  while  the  angular  momentum  per 
second  is  determined  by  the  tangential  velocity  component  and 
the  mass  flow  per  second. 

Since  the  axial  velocity  component  can  be  small  in  compar¬ 
ison  to  the  tangential  velocity  component,  the  primary  and  secondary 
gas  flows  can  have  either  the  same  or  opposite  axial  flow  directions 
It  is  important  to  realize  the  inherent  functional  differences 
resulting  from  these  two  possibilities;  the  latter  allows  for  a 
counter  flow  momentum  exchanger. 

In  the  co-flowing  process  the  greatest  differences  in  total 
pressure  exist  at  the  onset  of  the  mixing  between  the  primary 
and  secondary  fluid  media.  As  a  consequence,  this  mixing  process 
results  in  intrinsic  losses  or  in  an  increase  in  total  system 
entropy.  In  contrast,  in  the  counter  flow  mixing  process  the 
secondary  fluid  medium  comes  first  in  contact  with  the  primary 
medium  after  the  energy  of  the  primary  medium  is  attenuated. 

As  a  consequence,  the  intrinsic  mixing  losses  or  system  entropy 
increase  are  greatly  reduced  (under  ideal  conditions  they  can 
become  zero) . 

In  Figure  30  a  cross  flow  concept  is  illustrated  for  a 
two-dimensional  configuration.  In  the  schematic  shown,  a  rotor 
is  used  to  establish  vortices  at  a  frequency  corresponding  to  the 
natural  Strouhal  number  of  about  0.3  for  the  configuration  (other 
configurations  would  not  require  a  rotor) .  Eddies  produced  would 
exist  for  a  longer  duration  before  breaking  into  smaller  scales. 
Because  of  the  curvature  of  the  channel,  the  eddies  flow  across 


the  primary  flow  and  can  be  accelerated  to  higher  velocities 
with  little  exchange  of  thermal  energy.  (The  primary  and  secondary 
are  in  general  at  different  total  temperatures.)  The  primary  and 
secondary  flows  are  separated  at  the  exit. 

Thus,  we  see  that  it  is  possible  to  describe  momentum 
exchangers  that  operate  on  counter  flow  and  cross  flow  configura¬ 
tions  and  permit,  to  some  degree,  the  uncoupling  of  the  thermal 
energy  transport  from  the  momentum  transport.  Such  devices  may 
have  applications  in  many  fields  and  could  produce  fundamental 
information  concerning  mixing  phenomena.  Thus,  we  believe  that  a 
research  program  should  be  established  to  investigate  these  con¬ 
cepts  in  view  of  many  promising  Air  Force  applications  that  can  be 
envisioned. 
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APPENDIX  A 

RELEVANT  EJECTOR  EQUATIONS 
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The  remaining  Equations  are  for  a  single  species  (e.g,  air-air) 
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INLET  CONDITIONS 


APPENDIX  B 


THE  INLET  FLOW  CONDITIONS  ALWAYS  ADMIT  THE  SOLUTION 
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IP 
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AND  M  =1.0 


In  order  to  determine  the  value  of  P  /P  at  a  value  of 

os'  op 

M*  =  1 ,  we  can  solve  the  second  inlet  condition  equation  given  in 

Appendix  A  for  P  /P  : 
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Now  from  the  first  Equation  of  the  inlet  conditions  we  see 
that  if  M* = 1  then  M*p =  M*.  Thus,  Equation  B.l  gives  a  0/0  or 
indeterminate  form  when  M| = 1.  However,  L'Hospital's  Rule  can 
be  used  to  determine  the  value  of  M*  =  l.  A  double  application 
of  L'Hospital's  Rule  is  required.  It  results  in: 
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In  order  to  evaluate  Equation  B.2  we  must  use  the  first  of 
the  inlet  equations  given  in  Appendix  B: 


After  differentiating  Equation  B.3  twice  we  obtain: 
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Substitution  of  Equation  B.4  into  Equation  B.2  results  in 
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Using  Equation  B.5  along  with  the  well  known  isentropic 
realtions  yield 


Therefore,  the  inlet  conditions  always  admit  the  solution 

where  M*  =  M  =  1:  P,  /P  =1  and  the  ratio  P  /P  is  determined 
s  s  Is  op  os  op 

from  Equation  B.5. 


APPENDIX  C 


AN  EXAMPLE  OF  AN  ISOLATED  POINT  ON  THE 
SUPERSONIC  BRANCH  WHERE  M  <  1  AND  P,  = P, 

S  lp  IS 


As  stated  in  the  text  an  isolated  point  may  exist  on  the 

supersonic  branch  where  Mg  <  1  and  P^  =P^s.  The  investigation 

of  the  supersonic  solution  branch  where  Mg  < 1  showed  that  most 

points  could  not  be  achieved  in  an  ejector.  However,  one  can 

show,  by  an  inverse  procedure,  that  an  isolated  point  may  exist 

where  M  <1  and  P.  =  Pn  . 
s  lp  Is 

Table  C.l  presents  the  result  of  applying  the  Fabri  and 

Siestrunck  inlet  conditions  to  an  ejector  design  where  M*  =  1.7 

(M  =  2.1555),  A  /A*  =  1.928  <A1  in  Table  C.l),  A  /A*  =  2.000 
P  P  P  ®  P 

(as  in  Table  C.l)  and  TR  =  1.15.  Note  that  A/A*  =  2  +  1.928 

P 

=  3.928.  Using  the  procedure  described  in  reference  7,  we  found 

pressure  ratios,  PR,  required  to  achieve  various  values  of  M* 

(MS  in  the  table) .  The  ratio  of  P,  /P.  is  also  listed  in 

lp  Is 

Table  3.1  and  we  note  that  it  achieves  a  value  of  1  at  M* = 1  and 

s 

about  at  M*  =  0.7  at  which  point  the  bypass  ratio  (MU  in  the  table) 

b 

is  0.25848  and  PR  =  7.40451. 


Thus,  if  we  run  the  design  program  with  the  values  of  6, 

PR,  and  TR  indicated  at  M*  =  0.7  (M  =  0.6668)  we  should  recover 

s  s 

this  point  and  we  know  that  it  satisfies  the  Fabri  and  Siestrunck 
inlet  conditions. 

The  computer  output  for  this  "inverse"  run  is  shown  in 

Table  C.2.  Indeed  we  see  that  at  M  =  0.6668,  M  =  2.155  is 

s  p 

reasonable  and  A/A*  =  3.928  is  also  reasonable.  Thus,  this 

P 

particular  point  on  the  curve  can  be  achieved  and  the  value  of 
the  efficiency  is  about  0.883.  Note,  however,  that  this  value 
of  efficiency  is  less  than  the  value  at  = 1 ,  where  it  is  0.890. 
The  value  of  the  efficiency  at  M  =  1  is  slightly  less  than  the 
values  found  at  supersonic  values  of  Mg . 
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